6. Natural convection

www.youtube.com/watch?v=1MA-zEUepvs



6. Natural convection

Principle: hot air balloon (montgolfiere)

Thermal expansion coefficient:

p(T) = poc (1 = B(T — Teo))

1 Op

Bz_ga—T

hot fluid rises up
= natural convection < gravity

Los e



6. Natural convection

Simplified configuration: vertical wall

I [77 U =0 Fluid flow induced by temperature contrast

= 1st approximation, single boundary layer

We need to solve 2 coupled equations:

Flow equation:

0
pa_‘; + p(W.V)u=—VP 4 nAu+ poo (1 — B(T — Ts))g

Heat equation:

oT
— V)T = aoAT
5 + (u.V) Q




6. Natural convection

Profiles in the boundary layer




6. Natural convection

Doing our best to simplify !

0
p/aé +p(u.V)u=—-VP+nAu+ pso(1 - B(T — Ts))g
Poc
steady Boussinesq approximation: 0 = Po

except in pg

for a uniform temperature u=0and T'=1, = — VP 4+ pog =0

We assume to get the same V P in the presence of convection (1st order approximation)

Remains Poo (VI ~ nAu + poo80g  with 0 =T — T,

%—I— (u.V)0 = aAb

steady



6. Natural convection

Balance shear force on the wall / buoyancy force

Uso =0

0 U Ou
shear stress o0 =17
or |,._,
T, T
S ou, ?
0 W/ n dz =W | pocgBBi(z)dz
8:13 =0 0
. . U
in terms of scaling: s~ Poog 300
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6. Natural convection

Uso = %%— (u. V)0 = aAb

Heat equation

O aNU
we consider Uz > Uy
1 T and 2> 9
S 20 920
U,— ™~ O ——=
“0z Ox?
in terms of scaling:
U Q
2z )2
052
with the previous relation: 98 had
z vz 52

x 1/4
5~ (ﬂ )
Blg




6. Natural convection

Getting the heat flux

IU? oT 0 0

Us = Jp=k— ~Kk—-~kr—Nu

ox ) L

Nu ~ Ral/*

BgL>0

| 487

Rayleigh number: | Ra =

convection velocity: | U ~ (5ggz)1/2




6.1 Human plume

Getting the heat flux

o

1o
Usw =0

/s

—>
—_—> JT?
—>

Naked human: confort for
T ~27°C = 0 ~10°C

Ra ~ 3.10'° = Nu ~ 400

ht = %Nu ~ 6.5 W.m 2K !

Jr = hp(Ts — Tso) ~ 65W/m”
S ~ 1.6m?
P =JrS ~100W

good order of magnitude



6.1 Human plume
with a sweater: same 1T, — T, ~ 10°C

IU? couldbe T, ~ 17°C and T ~ 27°C
1o

T, Usx =0 compatible IR imaging

—
_,JT? Thickness of the sweater?

Rwool
Tbody T, Jr = T(Tbody - TS)
Jr, Jn, Kwool ~ 0.05 W.m ™t K™+

<>

h h ~ 8 mm




6.2 Dissolution of a lollipop

water

1 cm

M.S.D Wykes et al. Physical Review Fluids (2018)
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6.2 Dissolution of a lollipop
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At the surface of the lollipop ¢ = ¢4, (mass concentration)

Csat

mass conservation:

liquid density: p = po + ¢ = po (1 + ¢/po)

!
36

_ g Csat/pO R’
vD

Ra

D " R3 1/4
JmNE(Csat_()) (gC t/pO >

vD

dm dR
— = —ps4d RQ— =4 RQJm
dt Pt gy =7

dR Dcsat (g Csat/pO ) 1/4 1

da D vD RY/4




dR/RO o~ Dcsat g Csat/p() 14 1
dt psRo \ VDR, ) (R/Ro)'/?

psRo ( vD Ry )1/4

1 — (R/Ry)>* =t/7 with | 7
(R/Ryp) / Dcsar \ g Csat/po

R=Ry(1—t/r)*"

Comparison with experiment: exponent 4/5 — OK
Ry=3cm ¢4 =0.3 g/cm3 ps = 1.43 g/cm3
D~43-1071 m2/s (sucrose in pure water)
v =10""° m2/s (pure water) < 81074 m2/s (saturated sucrose)

7~ 250min  with Vygter

experiment: 7 ~ 175 min



/. Rayleigh-Bénard instability

o

https://youtu.be/nQUHINGTZTY

— course on Instabilities: Laurent Duchemin



Rayleigh-Bénard instability

temperature profile:

TZ

(

)

]TD T(z)=Tp+60—0z/a
a

density profile:

Tl ) = o (1= BT(:) - Th))

p(z) = po (1 —pB(0 —0z/a))

light at the bottom = unstable?

After a perturbation a blob of size R moves up by §z

. . . . 0
mismatch with ambiant density: 0p = —pg B—0z2
a

4 4 v
buoyancy force: §7TR35,09 = §7TR3pogB—5z
a



Buoyancy balanced by viscous drag (we assume Re < 1)

3

doz 9 pg gR2

U= =3

4 0
—WRBpogﬁa&z = 6mnRU

/35,2

0z(t) = 0zp exp(t/Teony) With

Tconv ™

] a

pogR? B0

As the blog rises up, thermal diffusion attenuates 6

R2
Yy




Unstable if Tqiff > T. — >
vf f conv o pogR2 59
R*36
950 5
roa

The bigger the blob, the more instable = most unstable configuration R ~ a

B ga’ 30

ryo

Unstable if Ra > Ra,

Lecture from L. Duchemin Ra,. ~ 1000

estimate with 0 = 50°C

BIK™ v[m?*/s] a[m?/s] B/rva[s*m*K™'] a.[mm]
air 3.4 103 1.510-° 2105 107 6
water 2 104 10-6 1.4 107 1.4 10° 1
glycerin 4.8 104 10-3 10-7 5 106 7




